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Introduction
Neuroserpin is a serine protease inhibitor that regulates the activity of tissue-type plasminogen activator (tPA) in the nervous system (Galliciotti & Sonderegger 2006 , Miranda & Lomas 2006 . Neuroserpin has been initially characterized as a protein secreted from axons of neurons of the central and peripheral nervous system (Stoeckli et al. 1989 , Osterwalder et al. 1996 . Expression of neuroserpin matches temporally with brain development: it starts when neurons are generated from stem cell precursors and reaches highest levels in perinatal period, during migration and differentiation of neurons as well as formation and rearrangement of synaptic connectivity (Krueger et al. 1997) . Afterwards, neuroserpin expression declines to moderate levels in the adult brain, where it localizes in the neocortex, hippocampus, amygdala and olfactory bulb, regions eliciting synaptic plasticity.
Neuroserpin regulates cell migration and N-Cadherin-mediated cell adhesion (Lee et al. 2008 , Lorenz et al. 2016 . Moreover, neuroserpin stimulates changes in the extension of neurite-like processes of AtT-20 pituitary cells and NGF-mediated neurite outgrowth in PC12 cells (Hill et al. 2000 , Parmar et al. 2002 . In cultured hippocampal neurons neuroserpin influences neuronal connectivity by regulating neuronal arborization and dendritic spine morphology (Borges et al. 2010) . In vivo, absence of neuroserpin leads to reduction of synapse density in CA1 region of the mouse adult hippocampus, functionally reflected by decrease in long-term potentiation, a cellular parameter of learning and memory. This translates behaviorally in deficits in spatial learning and memory, contextual memory as well as social and emotional behavior (Reumann et al. 2017 , Madani et al. 2003 . Moreover, neuroserpin plays a role in synaptic reorganization. This was demonstarted by administration of neuroserpin in the visual cortex of adult mice, where it inhibited experience-dependent tPA plasticity (Bukhari et al. 2015) .
The assumption that neuroserpin plays a role in neural development is not only supported by the spatiotemporal expression pattern during nervous system development as well as by its role in establishing neuronal connectivity. An additional hint supporting this hypothesis is provided by the dysregulated levels of neuroserpin detected in brains of patients affected by schizophrenia (Hakak et al. 2001 , Vawter et al. 2004 , Brennand et al. 2011 , Wen et al. 2014 ), a disease thought to be caused by neurodevelopmental deficits resulting in alterations of neuronal circuitry within and J o u r n a l P r e -p r o o f across multiple brain regions (Glausier & Lewis 2013) . Therefore, we postulated that by shaping neural development neuroserpin guarantees establishment of a proper neuronal network.
In order to verify this hypothesis, we analysed several aspects related to development and maturation of the nervous system in neuroserpin-deficient mice. In particular, we investigated the role of neuroserpin in developmental and adult, lesion-induced neurogenesis in the subgranular zone of the dentate gyrus. Furthermore, we investigated synaptic maturation in the CA1 region of the hippocampus where deficits in synaptic plasticity have been previously reported in adult animals (Reumann et al. 2017) . We studied density and morphology of dendritic spines at the end of the critical period, and correlated these data to maturation of perineuronal net (PNN), specialized extracellular matrix (ECM) structures enwrapping the cell body of certain neurons and providing synaptic stabilization (Frischknecht & Gundelfinger 2012) . Our results show that absence of neuroserpin decreases proliferation in the dentate gyrus, leading to premature neuronal differentiation at early stages of developmental neurogenesis without influencing physiological and lesion-induced neurogenesis in adult mice. Moreover, we detected alterations in spine morphology and PNN composition in juvenile neuroserpin-deficient mice.
J o u r n a l P r e -p r o o f ed in Fluoromount G (Biozol). After staining, samples were recoded by an independent researcher to ensure necessary blinding. Images were taken on an inverted fluorescence light microscope equipped with a digital camera (Nikon) and percentages of marker-positive cells were evaluated (>500 cells/genotype were analyzed).
tMCAO tMCAO was achieved as previously described (Gelderblom et al. 2009 ) using the intraluminal filament method (6-0 nylon) (>3 mice/group, nine weeks of age). Sham animals were treated the same way but without occlusion and reperfusion. Mice were sacrificed 3 days after reperfusion and perfused with 3.5 % formaldehyde. Afterwards brains were removed and processed as described below.
Immunohistochemical analysis of brain tissue
Mouse brains were post-fixed in 3.5 % formaldehyde, processed for paraffin embedding and cut (4 µm) using standard protocols (Kellner et al. 2009 ). Every 10 th section was stained using the Ventana Benchmark XT (Ventana). Deparaffinised sections were boiled for 30-60 min in 10 mM citrate buffer (10mM sodium citrate, 0.05% Tween20, pH 6.0) for antigen retrieval. Primary antibodies were diluted in 5 % goat serum (Dianova), 45 % Tris-buffered saline pH 7.6 and 0.1 % Triton X-100 in antibody diluent solution (Zytomed). Sections were incubated with primary antibody against Ki67 (1:250, Abcam ab15580), DCX (1:400, Abcam ab18723), NeuN (1:50, Millipore MAB377) or activated caspase-3 (1:1000; R&D Biosystems AF835) for 1 hr. Anti-rabbit or anti-goat histofine Simple Stain MAX Universal immunoperoxidase polymer (Nichirei Biosciences) were used as secondary antibodies and detected with ultraview universal DAB detection kit (Ventana). Sections were covered (Sakura Finetek), dried and pictures were taken using a light microscope and digital camera (Axioskop 40, Zeiss). Samples were recoded by an independent researcher to ensure necessary blinding to genotype and age. At least three mice were analysed per group/time point, four to six different levels per animal in the granular cell layer of the dentate gyrus were evaluated. Percentages of immunopositive cells per mm 2 were quantified, values for the wt group were arbitrarily set to 1. Similarly, cell density was evaluated by counting the total number of granular cells after H&E-staining in one field of the dentate gyrus in four different levels per mouse.
Alternatively, mouse brains were post-fixed in 4 % formaldehyde, cryoprotected in 30 % sucrose and frozen in tissue freezing medium. Ten µm cryosections were boiled for 10 J o u r n a l P r e -p r o o f min in 10 mM citrate buffer (10mM sodium citrate, 0.05% Tween20, pH 6.0) for antigen retrieval, permeabilized in PBS-0,2 % Triton X-100 and blocked in PBS-0,4% Triton X-100-5 % BSA. Sections were incubated with primary antibody against Ki67 (1:250, Abcam ab15580), affinity-purified anti-neuroserpin goat polyclonal antibody (1:50) (Galliciotti et al. 2007) , aggrecan (1:50, Millipore AB1031), brevican (1:50) (John et al. 2006 ), GFAP (1:500, Millipore MAB360), Iba1 (1:500, Wako 019-19741) or NeuN (1:50, Millipore MAB377) in blocking buffer containing 0,2 % Triton X-100. Anti-rabbit or antigoat conjugated to Alexa Fluor 555 and Alexa Fluor 488, respectively, were used as secondary antibodies. Sections were covered (Fluoromount-G with DAPI, SouthernBiotech), dried and pictures were taken using a Leica TCS SP5 confocal microscope, the Plan-APOCHROMAT 63x oil-immersion lens and 1024 x 1024 pixels for frame.
Morphological analysis of dendritic spines
Mouse brains (n=3, 3 weeks of age) were dissected, fixed in 4% formaldehyde and cut using a vibratome (Leica VT 1000s) into 200 µm slices. Pyramidal cells in CA1 region of the hippocampus were stained with the lipophilic dye DiI (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine perchlorate, Sigma). Solid DiI crystals were introduced into slices kept in PBS under a dissecting microscope using a custom made thin needle with a sharp and elongated tip. Only fine crystals were delivered to avoid clumping of the dye. The dye diffuses along cell membranes and completely fills the dendrites, thereby allowing visualization of the spines. Staining using DiI allowed pictures to be taken with low background and high resolution to permit the complex morphology of dendritic spines to be assessed, in particular different shapes and sizes of spines could clearly be distinguished. After 16 hrs, slices were mounted on glass microscope slides using Fluoromount-G (SouthernBiotech) and images were taken within three days.
Samples were recoded by an independent researcher to ensure necessary blinding.
Segments of apical dendrites, 50 µm in length, were analysed from 30 hippocampal pyramidal cells in CA1 region per mouse (90 cells for every mouse group). In order to investigate spines in a region of constant, high density, dendritic segments were chosen after the first branching point, 100 µm distal from the soma. Serial stack images with step size ranging from 0,3 to 0,4 µm were taken using a Leica TCS SP2 confocal microscope, the Plan-APOCHROMAT 63x oil-immersion lens and 512 x 512 pixels for frame.
DiI was excited with the 543 nm Helium/Neon laser. For every selected cell, a 3D projection of the apical dendritic segment was reconstructed from serial stack confocal im- All spines with a total spine length of less than 1 µm are classified as stubby. For the remaining spines, the first classification rule is false, and the process of classification continues, by applying the second rule. Any spine that was categorized by the highest rule in the list is excluded from further classification. For every category length of spine, width of spine head, length and width of spine neck were measured.
Protein extraction
Hippocampi from 3 and 13 week-old mice were homogenized in 200 µl 40 mM Tris-HCl, Software, version 2.0 (LI-COR Biosciences) and local background subtraction. Band intensity was normalized to beta-actin expression, and values for the wt group were arbitrarily set to 1.
Data analysis
Sample size was arbitrarily set to n=3-7 animals per group. In all experiments, means and *** p≤0.001. For the analysis of dendritic spines, nested univariate analysis of variance was applied to identify differences between groups irrespective of replicate effect.
F ratio was calculated and significance determined as p≤ 0.05. The following statistical softwares were used: GraphPad Prism version 5.0 (GraphPad Software), Excel (Microsoft-Office) and SPSS 23 (IBM).
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Results
Deficiency in neuroserpin decreases proliferation and leads to increased neuronal differentiation of neural stem cells in vitro
Neural stem cells (NSC) were isolated from the ganglionic eminence of neuroserpindeficient mice (Ns-/-) and wild-type (wt) littermates at embryonic day 14 and cultured as neurospheres. Immunohistochemical staining of developing mouse brain at embryonic day 14 showed strong neuroserpin reactivity in the ganglionic eminence ( Fig. S1A ), letting us assume that neuroserpin may play an important role in proliferation and maturation of NSC originating from this area. Mean diameters of Ns-/-neurospheres were significantly smaller than wt neurospheres (wt: 39.6 +/-1.8 µm; Ns-/-: 25.6 +/-0.8 µm; p = 3.3 x 10 -11 ) ( Fig.1A ). Since proliferation controls neurosphere-size, we determined proliferation-indices of undifferentiated NSC in the presence of epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF-2) by measuring the amount of cells positive to Ki67, a proliferation-marker. A significant reduction in proliferation of Ns-/-cells was observed when compared to wt cells (wt: 100 +/-3.5 %; Ns-/-: 70.1 +/-3.6 %; p = 4.4 x 10 -8 ) ( Fig.1B) , indicating decreased self-renewal of NSC obtained from Ns-/-mice. This decreased proliferation in Ns-/-cells could be restored to wt levels by addition of neuroserpin-conditioned medium obtained from stably transfected HEK-293 cells (Schipanski et al. 2014 ), but not by media from untransfected HEK-293 cells (100.4 +/-3.1 %; p = 6.7 x 10 -8 for Ns-containing media; 70.0 +/-3.5 % for control media).
To assess the influence of neuroserpin on neural stem cell fate, we dissociated neurospheres and cultured them as single cells in the presence of EGF and FGF-2 for two days and subsequently differentiated them for seven days by growth factor withdrawal.
The percentages of neurons and astrocytes were analysed immunocytochemically using the markers -tubulin III and glial fibrillary acidic protein (GFAP), respectively. We detected an increased percentage of neurons in Ns-/-versus wt cells (wt: 9.1 +/-0.4 %;
Ns-/-: 13.4 +/-0.5 %; p = 2.7 x 10 -8 ) ( ). The addition of neuroserpin to cultured Ns-/-cells (Ns-/-+ Ns-SN) rescued the reduced proliferation rate in these cells (p = 6.7 x 10 -8 ), while non-neuroserpin containing media did not show effects (Ns-/-+ ctrl SN; only shown in bar graph). Scale bar: 10 µm; two independent experiments with tot. 1177 cells for wt, 2702 for Ns-/-, 880 for Ns-/-+ Ns-SN, 2400 for Ns-/-+ ctrl SN; error bars indicate SEM. (c) After differentiation of neurospheres induced by growth factor withdrawal, GFAP-positive astrocytes and beta-tubulin III-positive neurons were counted and the percentage of marker-positive cells per total cells was calculated. Ns-/-mice and wt controls had the same amount of GFAP-positive cells per total cells, but differed significantly in the number of beta-tubulin III-positive cells J o u r n a l P r e -p r o o f (p = 2.7 x 10 -8
). Scale bar: 10 µm; GFAP 817 cells for wt, 1003 for Ns-/-, beta-tubulin III 647 cells for wt, 732 for Ns-/-; error bars indicate SEM.
Decreased early postnatal proliferation in the neurogenic subgranular zone in neuroserpin-deficient mice
As neuroserpin is expressed in the neurogenic zone of the hippocampus in one week old mice ( Fig. S1B ) and in the adult (Yamada et al. 2010) we focused on assessing proliferation and neurogenesis in the dentate gyrus. For this, we analysed serial sections of one, three, and 13-week-old Ns-/-mice and controls using proliferation markers Ki67. In Ns-/-mice, numbers of Ki67-positive proliferating cells were significantly decreased one and three weeks after birth when compared to control (1 week wt: 1,0 +/-0,049; 1 week Ns-/-: 0,32 +/-0,042; p = 9.5 x 10 -4 ; 3 weeks wt: 1,0 +/-0,049; 3 weeks Ns-/-: 0,45 +/-0,024; p = 2.1 x 10 -5 ) ( Fig.2A,B ). However, no differences in Ki67-expressing proliferating cells could be observed in 13-weeks-old Ns-/-mice when compared to controls (wt: 1,0 +/-0,120; Ns-/-: 0,94 +/-0,058). Thus, deficiency of neuroserpin results in a transiently decreased proliferation of cells in the dentate gyrus during postnatal development.
In order to determine if decreased proliferation leads to reduced cellularity, we quantified the total amount of cell and extrapolated cell density in the granular cell layer of the dentate gyrus. Whereas no significant difference was observed at one and three weeks of age, 13 weeks after birth Ns-/-mice had a decreased cell number in the dentate gyrus when compared to wt mice (1 week wt: 1,0 +/-0,053; 1 week Ns-/-: 0,90 +/-0,072; 3 weeks wt: 1,0 +/-0,031; 3 weeks Ns-/-: 0,94 +/-0,013; 13 weeks wt: 1,0 +/-0,043; 13 weeks Ns-/-: 0,73 +/-0,050; p = 0.007) ( Fig.2C ).
As decreased cellularity in adulthood may result from increased apoptosis during development, we measured active caspase-3-positive cells over time. Ns-/-mice showed no significant increase in apoptotic cells when compared to wt controls (1 week wt: 1,0 +/-0,14; 1 week Ns-/-: 1,57 +/-0,65; 3 weeks wt: 1,0 +/-0,30; 3 weeks Ns-/-: 2,51 +/-0,77; 13 weeks wt: 1,0 +/-0,59; 13 weeks Ns-/-: 0,29 +/-0,29) ( Fig.S2 ). Collectively, our data suggest that reduced cellularity observed in the dentate gyrus in adult Ns-/-mice is due to premature termination of neuronal precursor cell proliferation rather than increased cell death. were determined by counting Ki67-positive cells in the granule cell layer and neighbouring subgranular zone of Ns-/-and wt mice one, three, and 13 weeks after birth. In Ns-/-mice significantly less cells proliferate one and three weeks after birth compared to wt littermates (p = 9.5 x 10 -4 and p = 2.1 x 10 -5 , respectively). However, 13 weeks after birth proliferation levels of Ns-/-mice equaled those in wt mice. Scale bars: 200 μm for lower magnifications and 50 μm for blow-ups. (c) Total cell density was quantified in the granule cell layer of the dentate gyrus. There were no significant differences in Ns-/-mice versus wt at one and three weeks after birth, however, at 13 weeks of age there were less cells in the dentate gyrus of Ns-/-(p = 0.01) compared to wt controls. Horizontal bars indicate mean, error bars indicate SEM, n=3-7 animals per group, every dot represents one mouse, values for the wt group were arbitrarily set to 1 (AU, arbitrary units).
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Premature differentiation of neurons in the dentate gyrus of neuroserpin-deficient mice
We examined neuroserpin's expression in the hippocampus during development by immunohistochemistry and detected a weak expression in the pyramidal cell layer of the CA1 region and in the granule cell layer of the dentate gyrus at one week of age, with the exception of some cells exhibiting a stronger production of the serpin (Fig.3) . At three and 13 weeks of age neuroserpin's expression is selectively upregulated in specific neurons. The neuronal origin of neuroserpin-producing cells could be confirmed by immunohistochemical stainings showing presence of neuroserpin immunoreactivity around NeuN-positive nuclei in both dentate gyrus and CA1 region but absence of neuroserpin in GFAP-positive astrocytes and in Iba1-positive microglia (Fig.S3 ). Immunohistochemical staining of brain sections from one, three and 13 weeks old mice with an antibody against neuroserpin. A weak expression in all granule cells of the dentate gyrus and CA1 pyramidal cells can be observed at one week of age, with the exception of some cells exhibiting a stronger expression pattern. At three and 13 weeks of age neuroserpin's expression is more localized to few cells showing moderate to high levels of the protein.
Scale bar: 50 µm. gcl granule cell layer, ml molecular layer, so stratum oriens, sp stratum pyramidale, sr stratum radiatum.
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Giving the neuron-specific expression pattern of neuroserpin and in order to monitor the effect of neuroserpin deficiency on neuronal differentiation in vivo, we measured the number of immature, doublecortin (DCX)-positive neuroblasts and the number of NeuNpositive mature neurons in the dentate gyrus of Ns-/-mice and their wt littermates ( Fig.4A-D) . The majority of cells in the brain expressed DCX one week after birth with no obvious differences between Ns-/-and wt mice. Also at later time points, when numbers of DCX-positive cells decrease, we could not observe differences between experimental groups for DCX-positive neurons (3 weeks wt: 1,0 +/-0,120; 3 weeks Ns-/-: 1,04 +/-0,165; 13 weeks wt: 1,0 +/-0,182; 13 weeks Ns-/-: 0,80 0,040) ( Fig.4A,C) . In contrast, we detected a significant increase in the number of NeuN-positive neurons in Ns-/mice versus wt mice in the dentate gyrus one week after birth (wt: 1,0 +/-0,13; Ns-/-: 1,87 +/-0,36; p = 0.049). At three weeks after birth no differences in the number of NeuN-positive cells were observed, whereas at 13 weeks after birth Ns-/-mice had less
NeuN-positive cells in the dentate gyrus than their wt littermates (3 weeks wt: 1,0 +/-0,005; 3 weeks Ns-/-: 1,09 +/-0,053; 13 weeks wt: 1,0 +/-0,042; 13 weeks Ns-/-: 0,72 +/-0,043; p = 0.003) (Fig.4B,D) . Therefore, we conclude that the maturation towards NeuN-positive neurons in the dentate gyrus is accelerated during neurodevelopment in Ns-/-mice, while proliferation is decreased leading to reduced total numbers of NeuNpositive neurons in adult mice.
To investigate if neuroserpin also plays a role in physiological or stimuli-induced neurogenesis in the adult, we performed ischemic lesions by transient middle cerebral artery occlusion (tMCAO) in Ns-/-and wt mice at nine weeks of age and quantified the amount of Ki67-positive proliferating cells in the subgranular zone of the dentate gyrus. Ischemic stroke led to induction of proliferation compared to physiological levels (sham), however no difference could be detected between mouse groups (stroke wt: 4,28 +/-0,79; stroke Ns-/-: 4,38 +/-1,59; sham wt: 1,0 +/-0,066; sham Ns-/-: 1,01 +/-0,084) ( Fig.S4) . Thus, neuroserpin influences developmental, but not physiological or lesion-induced neurogenesis.
Journal Pre-proof the dentate gyrus of Ns-/-and wt animals one, three and 13 weeks after birth. Scale bar: 200 µm for lower magnifications and 50 µm for blow-ups. (d) The measurement of NeuN-positive cells showed a significant increase in Ns-/-versus wt mice at one week after birth (p = 0.05) and a significant decrease of neurons in Ns-/-versus wt mice at the age of 13 weeks (p = 0.003). n=3-4 animals per group, every dot represents one mouse; horizontal bars indicate mean, error bars indicate SEM, values for the wt group were arbitrarily set to 1 (AU, arbitrary units).
Absence of neuroserpin alters morphology of dendritic spines
Next, we investigated if developmental deficits could also be observed during the process of hippocampal synapse formation and maturation, that in turn could account for the phenotype previously described in the hippocampus of adult Ns-/-mice (Reumann et al. 2017) . To this purpose, we analyzed juvenile mice at the end of the third postnatal
week, when hippocampal circuits are being established and synapses undergo maturation or elimination. We focussed on the CA1 region of the hippocampus, which is the brain area that we previously analysed in adult mice and where we detected deficits in synaptic plasticity (Reumann et al. 2017) . We compared density and morphology of dendritic spines between Ns-/-mice and control littermates by introducing solid crystals of the lipophilic dye DiI into brain slices. The dye diffuses along cell membranes, allowing staining of neuronal dendrites and visualization of spines protruding from them. The apical dendritic segment from pyramidal cells in CA1 region of the hippocampus was reconstructed into 3D structures and spines were classified into four categories: filopodia, long thin, stubby and mushroom (Fig.5A ). Evaluation of total spine density and density of the four categories did not show any differences attributable to neuroserpin when assessed morphometrically ( Fig.5A and Tab.1). Moreover, we measured the following morphological parameters of spines: total length, head width, length and width of the neck. Statistical analysis of the data obtained ( Fig.5B and Tab.1) shows alterations in spine morphology. In particular, we measured a general increase in spine head width in Ns-/-mice for all four spine categories tested, and an increment in neck width of long thin spines. Additionally, for stubby spines we detected a decrease in spine length and neck length with a concomitant increase in head and neck width, suggesting that stubby spines in the hippocampus of neuroserpin-deficient mice are rather shorter and wider.
Taken together, these results reveal that absence of neuroserpin alters dendritic spine morphology in the hippocampus at three weeks of age.
Journal Pre-proof with reduction in length and increase in width of both head and neck. Neck width of long thin spines was augmented as well. All other parameters did not show any significant difference between Ns-/-mice and control littermates.
Since levels of the scaffolding postsynaptic protein PSD-95 have been shown to inversely correlate with neuroserpin expression in adult hippocampus (Reumann et al. 2017 , Tsang et al. 2014 , we compared them between Ns-deficient and control littermates in the juvenile hippocampus by Western blot analysis (Fig.S5) . No difference in PSD-95 expression could be measured between groups (wt: 1,0 +/-0,20; Ns-/-: 0,90 +/-0,05).
Additionally, we questioned if the presynapse is affected by the absence of neuroserpin.
We assessed levels of three presynaptic marker proteins in hippocampal extracts of Ns-/-and wt littermates at three weeks of age by Western blot analysis (Fig.S5 ). We did not detect any difference in expression of synaptophysin, synapsin-I and SNAP25 between both mouse groups (synaptophysin wt: 1,0 +/-0,12; synaptophysin Ns-/-: 0,94 +/-0,07; synapsin-I wt: 1,0 +/-0,14; synapsin-I Ns-/-: 1,10 +/-0,14; SNAP25 wt: 1,0 +/-0,08;
SNAP25 Ns-/-: 1,02 +/-0,04). The same observation had been made in mice aged 15 weeks (Reumann et al. 2017) .
Increased expression and decreased proteolytic cleavage of the chondroitin sulfate proteoglycan aggrecan in the hippocampus of juvenile neuroserpin-deficient mice
During postnatal development, closure of the process of formation, elimination and remodelling of dendritic spines correlates with maturation of the PNN, a specialized ECM structure of the brain playing an important role in termination of the critical period. Since we observed alterations in dendritic spine morphology in the absence of neuroserpin at three weeks of age, we investigated expression of aggrecan and brevican, two chondroitin sulfate proteoglycans (CSPG) and main components of the mature PNN, in the hippocampus. Immunohistochemical staining demonstrates expression of both CSPG in the CA1 region of the hippocampus, with aggrecan presenting a strong expression in few cells, whereas brevican is rather diffusely produced at lower levels in the entire region ( Fig.6A) . Interestingly, cells positive for both neuroserpin and the CSPGs can be for aggrecan expression and p = 0,034 for aggrecan cleavage at three weeks of age.
both CSPG between Ns-/-mice and wt littermates in juvenile as well as adult hippocampus. Western blot analysis revealed an increase in aggrecan expression in three weeks old Ns-/-mice (wt: 1,0 +/-0,04; Ns-/-: 1,49 +/-0,07, p = 1.2 x 10 -4 ), but no difference is observed at 13 weeks of age (wt: 1,0 +/-0,09; Ns-/-: 1,10 +/-0,08) ( Fig.6b ). Expression of brevican was unchanged between mouse groups at juvenile as well as adult age (3 weeks wt: 1,0 +/-0,07; 3 weeks Ns-/-: 1,10 +/-0,04; 13 weeks wt: 1,0 +/-0,07;
Discussion
Although a function for neuroserpin in development of the nervous system has been postulated since the first characterization of its expression pattern and recent human expression data point to neurodevelopmental functions (Berger et al. 1999 , Osterwalder et al. 1996 , Krueger et al. 1997 , Adorjan et al. 2019 , an analysis of the role of this serpin during brain formation has never been presented. In this work, we investigated formation and maturation of the hippocampus in mice deficient in neuroserpin. We observed that, compared to wt littermates, in the dentate gyrus of the developing hippocampus the proliferative phase in Ns-/-mice terminates earlier, and premature differentiation of neurons is observed. Since we did not detect signs of increased apoptosis in Ns-/-mice, such as activation of caspase 3, we postulate that reduced cellularity in dentate gyrus observed in 13 week old Ns-/-mice results from premature termination of the proliferative phase. Additionally, we showed that in juvenile mice at the end of the critical period of brain maturation absence of neuroserpin leads to a change in the morphology of dendritic spines and in the composition of the ECM. This is the first report describing a developmental phenotype in neuroserpin-deficient mice, proving an important regulatory role for the serpin in orchestrating brain development.
In this study, we performed immunohistochemical stainings to investigate neuroserpin's expression during development in the mouse hippocampus. We reported a neuronspecific expression pattern in both CA1 region and dentate gyrus, rather broadly distributed in all cells at early time point (one week of age), and restricted to few neurons at high levels at later time points (three and 13 weeks of age). Moreover, stainings in both dentate gyrus and ganglionic eminence during the proliferative phase argue for expression of neuroserpin in postmitotic neurons. This analysis is in line with single cell RNA sequencing data of the human cerebral cortex presented by Adorjan et al. (Adorjan et al. 2019) . In this study, neuroserpin is a virtually pan-neuronal marker, is scarcely produced by neural stem/progenitor cells, but is rather detected in migrating and postmigratory pyramidal neurons.
Subtle deficits in early neurodevelopment resulting in aberrant neuronal connectivity increase susceptibility to mental disorders as autism spectrum disorders or schizophrenia (Ernst 2016) . Neurodevelopmental deficits include impaired neuronal migration and premature neuronal differentiation. Defects in neuronal connectivity manifest as abnor-J o u r n a l P r e -p r o o f mal dendritic arborization or synaptic pathology (Doll & Broadie 2014 , Ahmad et al. 2018 ). Previous work from others and us provided evidence that absence of neuroserpin profoundly influences neuronal connectivity. Neuroserpin regulates outgrowth of neurite-like processes in neuroendocrine cells and density of dendritic protrusions in primary hippocampal neurons (Hill et al. 2000 , Parmar et al. 2002 , Borges et al. 2010 .
Moreover, whereas alterations in dendritic spine shape has been shown in hippocampal neurons overexpressing neuroserpin in culture (Borges et al. 2010) , we demonstrated that absence of the serpin reduces spine-synapse density and translates on functionality of hippocampal synapses, as shown by decreased long-term potentiation. This leads to behavioral deficits, in particular spatial learning and memory, contextual memory, social and emotional behavior (Reumann et al. 2017 , Madani et al. 2003 . In this respect it is interesting to note that Thy-1.2-driven overexpression of neuroserpin in the mouse brain starting from the first postnatal week during hippocampal neurogenesis led to impaired explorative behavior and neophobia, whereas AAV-mediated administration of neuroserpin in dorsal hippocampus of adult rats does not influence behavior, arguing in favor of an early function for neuroserpin in brain development (Madani et al. 2003 , Tsang et al. 2014 .
Generation and maintenance of NSC by proliferation and the timing for their differentiation is central for accurate brain development. Changes in NSC proliferation/differentiation are related to the development of mental disorders (Liszewska & Jaworski 2018) . For example, human-induced pluripotent stem cells from schizophrenia patients cultured as neurospheres present with significantly reduced size and altered neurogenic-to-gliogenic competence ratio compared to controls (Toyoshima et al. 2016) , and NSC derived from patients with mutations in DISC-1 (disrupted-inschizophrenia 1, a risk factor for the disease) exhibit decreased proliferation and increased neuronal differentiation (Murai et al. 2016) . NSC generated from the brain of fmr1-knockout mice, a model of fragile X syndrome, and from postmortem tissue of fragile X fetus, are smaller in size and upon differentiation generate more cell positive for neuronal marker TuJ1 (Castren et al. 2005) . NSC derived from patients affected by autism display increased cell proliferation compared to controls (Marchetto et al. 2017) .
Dysregulated levels of neuroserpin transcript in schizophrenia patient's samples have been demonstrated in multiple studies (Hakak et al. 2001 , Vawter et al. 2004 , Brennand et al. 2011 , Wen et al. 2014 . In this work we provide evidence for a key role of neuroserpin early in neurodevelopment, that prompt us to speculate that defects in progenitor J o u r n a l P r e -p r o o f proliferation and premature differentiation leading to reduced cellularity in the hippocampus of Ns-/-mice could represent the morphological correlate of the altered social, emotional and learning behavior observed in adult animals. Furthermore, neuroserpin plays an important neuroprotective role after tMCAO (Cinelli et al. 2001 , Gelderblom et al. 2013 , and, as a neuroprotective factor, is currently discussed as a potential therapeutical intervention to treat post-ischemic injury after neonatal hypoxia-ischemia (Millar et al. 2017) . In this study, we performed tMCAO to stimulate adult neurogenesis. Since ischemic stroke did not lead to differences in cell proliferation in the dentate gyrus between Ns-/-and control mice, we conclude that the role of neuroserpin in neurogenesis is temporally restricted to the developmental phase of the brain.
Next, we examined if alterations in neurogenesis and neuronal maturation observed in the absence of neuroserpin could affect formation of neural networks. Such a defect could explain the synaptic phenotype that we previously described in the adult hippocampus of Ns-/-mice (Reumann et al. 2017) . In order to study the effect of neuroserpin on establishment of neuronal connectivity, we investigated juvenile animals before the hippocampus acquires functional competence, at the end of the third postnatal week, when synaptic connections are established and the initial, often transient synapses that are generated either undergo activity-dependent maturation and stabilization or are eliminated. During the critical period, neuroserpin is highly expressed in the murine visual cortex and visual deprivation, a stimulus for synaptic refinement, leads to decreased neuroserpin expression (Wannier-Morino et al. 2003) . This argues in favor of a role for neuroserpin in regulating reorganization of synaptic contacts. We analyzed spine density and morphology in the CA1 region of the hippocampus. We concentrated on apical dendrites of CA1 pyramidal neurons, which are those that receive input from Schaffer collateral during long-term potentiation, a process that we have previously shown to be dysregulated in adult Ns-/-mice (Reumann et al. 2017) . We observed no difference in spine density between Ns-/-mice and wt littermates (Fig.5A ). This implies that absence of neuroserpin does not affect formation or elimination of synapses. Alternatively, since our analysis delivers only a snapshot of a single time point, we cannot exclude that reduced synapse formation in the first postnatal weeks is compensated by a decrease in spine elimination, or vice versa. We then went on to analyse the distribution of spines in four categories. As expected, we found that the majority of spines (52% in wt and 53%
in Ns-/-) belong to the group of stubby spines, and the second largest group includes J o u r n a l P r e -p r o o f filopodia (22% in wt and 23% in Ns-/-). This high representation of immature spines is common for the early postnatal time point we chose for analysis, and is known to decrease during the course of the maturation process to reach approximately 10% in the adult (Berry & Nedivi 2017) . The amount of thin and mushroom spines, estimated to account for 65% and 25% of the total amount of spines in the adult, respectively, is underrepresented at the end of the third week (long thin spines: 20% in wt and 18% in Ns-/-; mushroom spines: 6% in both wt and Ns-/-). Importantly, we did not identify any difference in the distribution of spines within the four categories between Ns-/-and control animals ( Fig.5A ). However, evaluation of spine structure is essential for understanding their stability and strength. There is a strong correlation between synaptic activity and morphological changes in spines. The notion that after long-term potentiation spine head is enlarged and neck wider and shorter led to the concept that thin spines with their small postsynaptic density are "learning" spines and the more stable mushroom spines, with their large excitatory synapses are "memory" spines (Berry & Nedivi 2017) .
We examined morphological parameters of spines belonging to the four categories, and thereby detected several differences. A general increase in head width was observed in the absence of neuroserpin, which will increase spine head size. Interestingly, in a recently published work it has been demonstrated that in primary neurons overexpression of neuroserpin leads to a reduction of spine head size, suggesting an inverse correlation between neuroserpin levels and dimension of spine head (Borges et al. 2010) . Moreover, in Ns-/-mice we observed a reduction in length with concomitant increase in width of both head and neck for stubby spines, and we measured a rise in neck width for long thin spines as well. Although we did not perform electrophysiological experiments in this hough PSD-95 recruitment to dendritic spines parallels their stabilization and maturation, we do not think that lack of augmented PSD-95 expression in Ns-deficient hippocampi is in contradiction to the more mature spine morphology. The reason could be that the majority of spines in analyzed juvenile animals are immature (stubby and filopodia, 74% in wt and 76% in Ns-/-). These are dynamic spines that test new connections by competing for a presynaptic contact, thereby producing short-lived synapses lacking PSD-95 (Berry & Nedivi 2017) . After the pruning event, only few such connections survive and form a long-term synaptic contact. Therefore, whereas most of the morphological differences observed in our study derive from PSD-95-negative stubby spines, unchanged levels of PSD-95 detected by Western blot may originate from the PSD-95-positive mature spines (long-thin and mushroom). Further experiments are now needed to clarify the physiological relevance of the morphological spine alterations observed in the juvenile neuroserpin-deficient mice.
Since the composition of the ECM surrounding neurons is critical for synapse formation and plasticity, we hypothesized that ECM alterations could account for the spine maturation phenotype observed in the absence of neuroserpin. Therefore, we investigated the composition of PNN, specialized ECM components that enwrap a subset of neurons in the mammalian central nervous system. Generation of PNN is a determinant factor in juvenile developmental when plasticity is reduced, the critical period is closed and brain circuits are stabilized (Frischknecht & Gundelfinger 2012) . In fact, enzymatic degradation of the PNN in adult brain reactivates ocular dominance plasticity in the visual cortex of monocular deprived animals, thereby demonstrating the important role of PNN in the regulation of synaptic stability and plasticity (Pizzorusso et al. 2002) . We analysed aggrecan and brevican, two CSPGs and principal constituents of PNN whose expression gradually increases in the first postnatal weeks and reaches highest levels in the adult.
Our data showed that, at three weeks of life, the expression of aggrecan is higher in the hippocampus of Ns-/-mice compared to control littermates, whereas no differences were obtained for brevican. The alteration in aggrecan expression is transitory, as similar levels of the proteoglycans were detected at 13 weeks of life between Ns-/-and wt animals. This may suggest that absence of neuroserpin does not dysregulate aggrecan expression permanently, but shifts the timing of ECM maturation. Alterations in aggrecan expression have profound consequences on maturation of neuronal circuits, as proven by a recently published study where conditional loss of aggrecan ablates for-mation of a PNN structure and induces a state of critical period-like plasticity (Rowlands et al. 2018) . Finally, whereas we did not observe differences in cleavage of brevican, we detected an increase in the ratio of full length vs. 150 kDa main proteolytic fragment of aggrecan in Ns-/-mice at three weeks of age, demonstrating a decrease in its proteolytic processing. We confirmed that cells expressing high levels of neuroserpin in the CA1 region of the hippocampus are surrounded by PNN positive for aggrecan or brevican, suggesting a possible direct effect of the serpin on CSPG's function. However, the mechanism how neuroserpin regulates aggrecan processing in the juvenile brain is unknown. As an inhibitor of tPA, neuroserpin could modulate activation of ECM-degrading proteases, e.g. matrix metalloprotease 9 and a disintegrin and metalloprotease with thrombospondin motifs 4 (ADAMTS-4), enzymes known to cleave aggrecan and thereby supporting experience-dependent plasticity (Wang & Fawcett 2012 , Lemarchant et al. 2014 ). However, in the absence of neuroserpin we would rather expect enhanced aggrecan processing, suggesting that neuroserpin's effect on aggrecan cleavage may be independent from its role as a tPA-inhibitor. Further work is needed to clarify neuroserpin's contribution to ECM remodeling.
The phenotype described so far in this work, consisting of early termination of precursor proliferation, premature neuronal differentiation, advanced spine maturation and enhanced aggrecan production in juvenile mice points to a premature formation and maturation of neuronal connectivity in the absence of neuroserpin. It now remains to be investigated if these early defects in neurodevelopment are responsible for the previously described synaptic phenotype observed in adult Ns-/-mice at cellular, functional and behavioral level (Reumann et al. 2017) . The "two-hit" hypothesis of schizophrenia suggests that genetic or environmental factors affect nervous system development by creating an abnormal neural network, but the disease is triggered only later in life, when the individual encounters an additional insult (Le Strat et al. 2009 ). The dysregulated levels of neuroserpin detected in schizophrenia, the disturbed brain development in Ns-/-mice described in this work, and the synaptic phenotype in adult Ns-/-mice are indicaticative for a role of neuroserpin in the pathophysiology of mental disorders, which deserves to be further investigated.
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